A comprehensive investigation was conducted to determine the effects of exogenous melatonin treatment of pre-veraison grapes on phenolic components and antioxidants of grape berries and wine. The results showed an increase in the concentration of cyanin-3-O-glucoside, peonidin derivatives, and two flavanols [namely (+)-catechins and (−)-epicatechins] of grapes, as well as flavonols in both grapes and wine due to the application of melatonin. These compounds are derivatives of the catalysate of flavonoid 3'-hydroxylase (F3'H) in the flavonoid synthesis pathway of plants. Ot can be inferred that melatonin increased the activity of F3'H or expression of VvF3'H during grape berry maturation. On addition, two melatonin treatments of pre-veraison grape berries reduced the DPPH radical-scavenging ability and copper ion-reducing power of grapes and wine, whereas one melatonin treatment just reduced those in wine. This study will provide a practical strategy to change the phenolic composition of grapes and wine.
Introduction
Phenolic compounds are some of the most important quality parameters of wine due to their direct influence on some important organoleptic characteristics (i.e. colour, flavour, bitterness, and astringency) (Garrido & Borges, 2011) . Additionally, the phenolics found in wine are also active in biochemical processes and may offer significant antioxidant protection (Duthie et al., 2000) . These translate to the fact that chemicals found in wine have the potential to overcome free radicals that are bound and determined to cause cellular damage, which are a root cause of various forms of cancer and cardiovascular diseases (Matés & Sánchez-Jiménez, 2000) .
Thus, increasing the phenolic content of wine has been a major area of interest in viticultural and enological research. The majority of phenolic compounds are grape-derived (Kennedy, 2008) . Their composition and content in grape berries depends on the variety of the grapevine and is influenced by climatic and geographical factors, as well as cultural practices such as light, irrigation, temperature, soil, and plant growth regulators (Dbreque-Slier et al., 2010) . Currently, the use of plant growth regulators, including gibberellin, ethylene, cytokinins, abscisic acid, and salicylic acid is an effective method and is widely applied in grape cultivation.
Melatonin (N-acetyl-5-methoxytryptamine), a molecule with low molecular weight and an indole-based structure, is ubiquitous in living organisms. Since the first report of melatonin in plants in 1995, melatonin has been identified in many different plants at a wide range of concentrations (from picograms to micrograms per gram of tissue) (Tan et al., 2012) . Current evidence suggests that melatonin can protect plants against damage caused by various biotic and abiotic stresses (Tan et al., 2012) . The physiological role of melatonin in plants might also involve the regulation of their response to photoperiod (Arnao & Hernández-Ruiz, 2006) , fruit development (Lei et al., 2013) , delayed flowering (Kolář et al., 2003) , and leaf senescence . Melatonin also acts as a growth regulator, similar to indole acetic acid (OAA), and may direct the differentiation of cells, tissues, and organs (Arnao & Hernández-Ruiz, 2007) . Previous studies have suggested that the application of exogenous melatonin promoted lateral root regeneration and growth (Arnao & Hernández-Ruiz, 2007) . Recently, Vitalini et al. (2011) identified melatonin in all grape berry tissues (skin, flesh, and seed). At pre-veraison, the highest melatonin content was found in the berry skin, whereas at veraison, the highest levels were in the seed. Furthermore, during ripening, melatonin decreased in the skin and increased in the seed and flesh. As is known to all, phenolics are derived from trans-cinnamic acid, which is formed by deamination of L-phenylalanine, catalyzed by L-phenylalanine ammonia-lyase (PAL, EC 4.3.1.5). The activity of this enzyme is affected by various biotic and abiotic stresses. Previous research on the seeds of Vigna radiate L. seeds indicated that extrogenous melatonin increased the activity of PAL, accompanied by the induced accumulation of total phenolics and increasement of antioxidant capacity (Szafrańska et al., 2014 new phytohormone, the effect of melatonin on the phenolic composition of grape berries and wine remains unclear.
On this study, we investigated the effect of melatonin on the phenolic composition of mature grape berries and wine by spraying an exogenous melatonin solution on grape berries during the pre-veraison period. This study was conducted to provide sufficient experimental evidence for modifying phenolic content due to melatonin treatment in the grape and wine industry.
Materials and methods

Plant material
The experimental vineyard was located at Yuquanying Farm (38.27°N, 106.06°E), Ningxia Hui Autonomous Region, China. Fourteen-year-old Merlot grapevines (Vitis vinifera L.), on its own roots, were grown on a flat terroir with well-drained sandy soil on the eastern piedmont of Helan Mountain. Natural rainfall was supplemented with drip irrigation as required. The vines were spaced 0.6 m within rows and 3.0 m between rows, and the rows were oriented in a south-north direction. Vines were trained on a vertical single-cordon positioning system with three wires. The vertical shoot-positioned canopies were uniformly managed and trimmed twice manually between bloom and veraison. A mixture of cymoxanil, mancozeb, and carbendazim were used to prevent downy mildew, anthracnose, white rot, and other fungal diseases. No plant diseases occurred during the growing season.
Field treatments
All trial vines were divided into three groups. Bunches were sprayed once (July 5, 2012; MT-1) or twice (July 5 and July 15, 2012; MT-2) to run-off during the pre-veraison period with 100 mg L -1 melatonin in 0.1% (v/v) Tween 80. Control fruits were sprayed with 0.1% (v/v) Tween 80. Veraison of the control fruit was determined to occur on July 20, 2012. The trial was performed in triplicates with controls and melatonin treatments randomized over three adjacent rows. Each replicate consisted of 15 treated vines (~400 bunches) with an untreated vine separating the different treatments.
Harvest and vinification
Grapes were harvested when they reached an average Brix 22 on September 15, 2012. From each replicate, about 150 berries were separated and frozen at -20 °C in order to determine grape phenolic components and antioxidant activity. The remaining grapes were destemmed and crushed with a squeezing roller and enological parameters were determined in the musts.
Grapes fruits (20 kg for each of the three replicates per treatment) were vinified in 30 L stainless steel fermentation tanks. 60 mg/L SD 2 and 30 mg/L of pectinase (Lallzyme Ex, Lallemand, France) were added to the must simultaneously. After maceration for 24 h, the musts were inoculated with the commercial Saccharomyces cerevisiae strain RC212 (Lavlin, France) (150 mg/L). The must was fermented at a controlled temperature of 25 °C for about 10 days. Throughout this period, daily mass homogenization was performed to dissolve the cap of the wine.
Temperature and density were also recorded daily to evaluate fermentation arrests. Dnce fermentation and maceration were complete, solid parts of the grapes was removed from the vats and pressed. The marcs and lees were discarded, and the wine was stabilized and aged for 3 months, the wine was bottled and stored in the dark at 12-15 °C until analysis.
Determination of total phenolics
A 0.75 g sample of grape skin dry powder was extracted with ultrasonic device in 15 mL of acidified methanol solution (1 M HCl in 80% methanol) in an external water bath at 25 °C for 30 min. After extraction, the extracts were centrifuged at 8000 × g for 10 min at 4 °C. The extraction procedure was repeated four times under identical conditions, then, the 4 supernatants were combined and stored at -20 °C in the dark until use .
The total phenolic content (TPC) was estimated using the Folin-Ciocalteu method (Singleton & Rossi, 1965) . The results were expressed as gallic acid equivalents. The total flavonoid content (TFDC) was determined according to the method of Jia et al. (1999) with minor modifications. The results were expressed as rutin equivalents. The total flavanol and flavans content (TFAC) was detected with p-DMACA (Li et al., 1996) . The results were expressed as (+)-catechin equivalents. The total anthocyanin content (TAC) was estimated using the pH differential method (Wrolstad, 1976) . The TAC were expressed as malvidin-3-glucoside equivalents.
HPLC assay for individual non-anthocyanin phenolic compounds
Preparation and analysis of non-anthocyanin phenolic compounds in grape berries and wine was based on a previous method from Meng et al. (2017) . For non-anthocyanin phenolic compounds in grape skins, triplicate samples of the pulverized berry skins of each treatment (2.00 g dry weight) were exhaustively extracted four times with 5 mL of distilled water and 45 mL of ethyl acetate in an orbital shaker (SHZ-88A, Taicang Experiment Equipment Factory, Jiangsu, China) for 30 min at 20 °C to avoid thermal degradation. Then, these organic phases were combined and evaporated until dry in a rotary evaporator (SENCD-R series; Shanghai Shensheng Biotech Co. Ltd., Shanghai, China) at 35 °C under vacuum. Subsequently, the dried residuals were re-dissolved in 5 mL methanol (HPLC grade). The methanol solution was filtered through a 0.45-μm organic membrane and analysed by high performance liquid chromatography (HPLC) coupled with a diode array detector (DAD) (LC-2010A, Shimadzu, Japan). For non-anthocyanin phenolic compounds in wine, 100 mL of a wine sample was diluted with the same volume of distilled water in a 500-mL separatory funnel. The mixture was then extracted three times with 80 mL ethyl acetate and processed using the same methods for grape berries.
The compounds were eluted using a Hibar RT Lichrospher SB-C18 column (250 × 4.0 mm, 5 μm) and detected at 280 nm. The column temperature was set to 30 °C. The mobile phases were comprised of two phases, A (water-acetic acid, 98:2 v/v) and B (acetonitrile). The gradient elution conditions were as follows: 0-20 min, 0-5% B; 20-35 min, 5-15% B; 35-50 min, 15-30% B; 50-65 min, 30% B; 65-75 min, 30-0% B. The flow rate was 1.0 mL/min, and the injection volume was 10 μL. Phenolic compounds were identified by comparing their retention times with those of pure standards and by spiking the samples with standard solutions. Quantifications were made using the external standard method.
HPLC assay for individual anthocyanin phenolic compounds
Preparation and analysis of anthocyanin phenolic compounds in grape berries and wine was based on a previous method from Shi et al. (2017) . For anthocyanins in grape skins, freeze-dried skins (0.50 g dry weight), in triplicate, were ground, weighed, and placed into a 50 mL centrifuge tube with 10 mL solvent (methanol/water/acetic acid, 70:29:1, v/v/v) in an orbital shaker at 300 rpm for 100 min at 25 °C. After pouring off the supernatant, the precipitate was re-extracted with 10 mL of the same solvent three times. The supernatant was combined in a 50 mL centrifuge tube and centrifuged at 8000 rpm for 5 min. Finally, the supernatant was collected and filtered through a 0.45-μm organic membrane. The resulting filtrates were used for qualitative and quantitative HPLC-DAD analyses (LC-20A, Shimadzu, Japan). For anthocyanins in wine, 2 mL of wine was filtered using a 0.45-μm organic membrane, and the resulting filtrates were directly used for qualitative and quantitative HPLC-DAD analyses (LC-2010A, Shimadzu, Japan).
The compounds were eluted using a Hibar RT Lichrospher SB-C18 column (250 × 4.0 mm, 5 μm) and detected at 520 nm. The column temperature was set to 35 °C. The mobile phases are composed of A (formic acid/acetonitrile/water, 25:100:800 v/v/v) and B (formic acid/acetonitrile/water, 25:500:400 v/v/v) phases. The gradient elution conditions were as follows: 0-45 min, 0-70% B; 45-50 min, 70% B; 50-51 min, 70-0% B; 51-55 min, 0% B. The flow rate was 1.0 mL/min, and the injection volume was 10 μL. Phenolic compounds were identified by comparing their retention times with those of pure standards and by spiking the samples with standard solutions. Quantifications were made by using the external standard method.
Analysis of antioxidant activity
The free radical-scavenging capacity of DPPH was estimated using the method of Brand-Williams et al. (1995) . Briefly, the grape extract (or wine) and DPPH methanolic solution was mixed and kept for 30 min under lucifugal conditions. The absorbance of the reaction mixture was measured at 517 nm. The results were expressed as trolox equivalents.
The cupric-reducing antioxidant capacity (CUPRAC) was determined based on the method of Apak et al. (2004) . Briefly, the grape extract (or wine) was mixed with CuSD 4 , neocuproine, and distilled water. After 30 min, the absorbance was measured at 450 nm. The results were expressed as trolox equivalents.
Statistical analysis
Statistical analysis was performed on three replications of the same sample using SPSS 17.0 for Windows. A one-way analysis of variance (ANDVA) and Duncan's multiple range test were used to determine significant differences among samples at a significance level of 0.05. Table 1 shows the conventional analysis of grape berries and wines from the control and melatonin-treatment groups. Regarding grape berries, melatonin treatment had increased the content of titratable acids, had no significant effect on Brix and total sugar. The ethanol content in all wines was 13% ± 0.4 (v/v), and the residual sugar was less than 4.0 g/L. The titratable acidity of all wines was 5.77 ± 0.34 g/L, and the volatile acidity was 0.26 ± 0.1 g/L, pH value was 3.62 ± 0.11. These characteristic of dry red wine revealed a good vinification according to the international standards set by the DOV. However, there was higher titratable acidity in melatonin treated grape and its wine compared with the control. We surmise the application of melatonin may delay the degradation of titratable acidity during the maturation of grapes and thus achieved higher concentration of titratable acidity (via mediating the actions of other plant growth regulators), but it still needs further research to confirm this. Ot will be a direction in our future studies.
Results and discussion
Physicochemical parameters of grape berries and wines
Effect of melatonin treatment on the phenolic content of grape berries and wine
As depicted in Table 2 , the MT-2 treatment had sharply decreased concentrations of flavonoids, flavanols and anthocyanins in both grape berries and wines, as well as total phenolics in pericarp, but had no significant effect on total phenolics in wine. Likewise, the MT-1 treatment had reduced total flavonoids and flavanols content in wine, which was similar to the MT-2 treatment, but had no significant effect on the polyphenols content of grapes. The results was inconsistent with previous studies on bitter orange leaves, which showed that 15 μM melatonin increased the total leaf phenolics and flavonoids content of leaf methanolic extracts (Sarrou et al., 2015) . Such difference may due to the degree of sensitivity to exogenous melatonin result from varietal differences and different issues of a plant. Phenolics accumulation in plants is closely related to environmental stress. As an important antioxidant, melatonin can scavenge excess free radical and protect plants against environmental stress (Posmyk & Janas, 2009 ). On our study, the low concentration of total phenolics and flavonoids in the grape berries and wines of melatonin treatment group could be connected with the application of melatonin reducing the grape damage from environmental stress. Table 2 also shows the effect of melatonin treatment during the pre-veraison period on grape and wine antioxidant activity. Both melatonin treatments reduced the antioxidant activity of grapes and wine. Compared with the control, the DPPH-scavenging and copper ion-reducing power was not significant for MT-1-treated grapes, but significantly decreased in MT-2-treated grapes, with the indices declining by 12.7% and 13.7%, respectively. For wine, both melatonin treatments significantly decreased them as compared to control. Such decrease in antioxidant activities may due to the decline of antioxidant active components contents (i.e. total phenolics, total flavonoids and total flavanols) of grapes and wine result from the exogenous melatonin applied. With respect to the same variation pattern between phenolic content and the responding antioxidant properties, Vitalini et al. (2011) reported that grapes with a higher level of phenolic compounds demonstrated considerably antioxidant resistence in their counterparts. This finding is also in accordance with the results reported by Sarrou et al. (2015) , which showed that leaf extracts treated with the PGRs resulted in high phenolic and flavonoid content accompanied by the increased DPPH antioxidant activity. On all, both studies mentioned-above observed the closely relationship between phenolics contents and their antioxidant activity presenting.
Effect of melatonin treatment on the antioxidant activity of grape berries and wine
Effect of melatonin treatment on individual non-anthocyanin phenolic compounds in grape and wine
On the present study, we analysed a total of 17 types of non-anthocyanin phenolic compounds in grape skins and wine. As shown in Table 3 , flavan-3-ols were still the most abundant non-anthocyanin phenolic compounds in grapes and wine, which play an important role in the taste of grapes and wine mouthfeel sensations and colour stability. Regarding to flavan-3-ols, both MT-1 and MT-2 treatment groups presented significantly higher concentrations in pericarps compared with the control, but exhibited dramatically lower concentrations in their respective wines when compared to the control. Furthermore, the (-)-epicatechin content ranked first in all non-anthocyanin phenolic compounds detected, followed by (+)-catechin. Compared with the control, the contents of both (+)-catechin and (-)-epicatechin increased in grape pericarps, but decreased in their corresponding wines, which was consistent with that of flavanols. Both compounds are important flavanol monomers present in grapes and wine, and via polymerization they form other flavanol oligomers and polymers (i.e., condensed tannins or proanthocyanidins), which play a prominent role in the taste of wine (mainly bitterness, astringency, and taste) due to differences in the degree of polymerization (Wang, 2008) . Dur study showed significantly higher contents of (+)-catechin and (-)-epicatechin in grapes treated with melatonin and in comparison with non-treated grapes.
Flavonol is another important grape and wine flavonoid compound, which contributes to the colour of flowers, fruits, and fruit products along with anthocyanins (Dbreque-Slier et al., 2010). As presented in Table 3 , unlike flavan-3-ols, though flavonols in grapes and wines responded to the melatonin treatments with dramatically higher contents compared to the control, these compounds increased to a larger extent in the MT-2 treatment. Wine flavonols are mainly derived from grape skins, and are transferred from the grape into the wine during winemaking operations. The result that melatonin facilitated the accumulation of flavonols in grapes may because it accelerated the expression or activity of flavonol synthase genes during its synthesis, but it still needs more evidence to confirm this deduction. Df all the flavonols detected in grapes and wine, rutin made up the largest proportion. Ots content in the grape pericarp was 88.55 µg/g for the control group, whereas in the MT-1 and MT-2 treatment groups, it increased to 149.29 and 200.96 µg/g, respectively, which is 1.7-and 2.3-fold that of the control group. A similar pattern was observed for the content of rutin in wine. On addition, morin and quercetin are two additional flavonols with higher content in grapes and wine. The content of morin in the grape pericarp was 40.72 μg/g in the control group, but in the MT-1 and MT-2 treatment groups Table 2 . Effect of melatonin treatment of pre-veraison grape berries on the phenolic composition and antioxidant activity of grape berries and wine. it increased to 57.39 and 52.38 μg/g, respectively; however, its content in wine showed no significant difference between the MT-2 treatment and the control group, whereas notably decreased in MT-1 treatment in contrast with the control. For quercetin, both melatonin treatments had minor effect on pericarp quercetin content, but its content significantly increased in wine compared with the control, with the content in MT-2-treated wine significantly higher than MT-1-treated wine.
Hydroxybenzoic and hydroxycinnamic acids are two important non-flavonoid compounds in grapes and wine, but melatonin treatment did not evidently change their content in grape and wine. The other familiar grape derived non-flavonoid class is the stilbene. Although stilbenes are found in trace quantities in grapes and wine, they have drawn attention because of their purported anti-carcinogenic properties (Conde et al., 2007) . The most famous of the stilbenes is resveratrol. On this study, resveratrol was the only stilbene compound analysed, and both melatonin treatments showed a significant increase in the resveratrol content of grapes and a minor increasement in wines.
Effect of melatonin treatment on individual anthocyanin phenolic compounds in grape and wine
Anthocyanins are located in the berry skin, and as the main flavonoids, they responsible for the red colour of grapes and wines (Núñez et al., 2004) . The influence of melatonin treatment on the monomeric anthocyanin content of grapes and wine is shown in Table 4 . On this study, a total of 9 monomeric anthocyanin compounds were quantified both in grape pericarps and wine. The anthocyanin profile under this study was mainly formed by the related monoglucosides and acylated with either acetic, or p-coumaric from the five anthocyanidin structures (Lingua et al., 2016) . As can be seen in Table 4 , malvidin derivatives presented the highest concentration among all anthocyanins detected in grapes and wines, being malvidin-3-O-glucoside the main anthocyanins, which was consistent with many authors (Portu et al., 2016; Lingua et al., 2016) . This is because malvidin is the terminal anthocyanidin in biosynthesis of anthocyanins (Núñez et al., 2004) . To the best of our knowledge, wine anthocyanins are divided into acylated anthocyanins and non-acylated anthocyanins in accordance with their acylated forms. On this study, the total concentrations of the five non-acylated anthocyanins were significantly higher than Table 3 . Effect of melatonin treatment of pre-veraison grape berries on individual non-anthocyanin phenolic compounds of grape berries and wine. On any case, anthocyanins play a vital part in the colour of red grapes and wine. As wine colour is the first feature perceived by the consumer, thus has a substantial impact on the final wine quality. Dur study showed that MT-1 and MT-2 treatment promoted the accumulation of some particular anthocyanins in grapes but decreased the total amount of anthocyanins in grapes and MT-2-treated wine. Taking into account the fact that anthocyanins and flavonols share most of their biosythetic pathway, with anthocyanin metabolism preferentially activated compared to flavonol's, thus it should be recognized that flavonols are important copigments that contribute to 4wine colour stability (Schwarz et al., 2005) . The higher level of flavonols result from the application of melatonin showed in Table 4 may make up for the deficiency of anthocyanin's lower one to some extent.
Besides, the results showed lower total anthocyanin content in melatonin treated grapes compared to the control. A recent study from Li et al. (2015) showed that melatonin treatment significantly up-regulated abscisic acid (ABA) catabolism genes and down-regulated ABA biosynthesis genes in cucumber and apple, respectively, resulting in a rapid decrease of ABA content. As is known to us, lower abscisic acid (ABA) content can result in delaying the ripening process of grapes and thus prevent the normal accumulation of anthocyanin content. On our study, we inferred the application of melatonin led to lower level of ABA, and thus achieved lower content of total anthocyanin. Figure 1 showed the melatonin levels in different treated grape berries. Ot is obvious that very significant differences existed either between the control and the melatonin treated groups or between both melatonin treatments, with the MT-2 treated grape berries presented the highest concentration of melatonin. The melatonin content of MT-1 and MT-2 treated grape berries was 7.93 and 8.44 ng/L repectively, increasing the content by 8.2% and 15.1% as compared with the control. The increasement in melatonin content probably due to exogenous melatonin applied was consistent with earlier reports on the roots of Vigna radiata seedlings (Szafrańska et al., 2014) , which indicated that melatonin applied to the seeds of V. radiata can improve the melatonin content. So we can infer that the exogenous melatonin applied to pre-veraison berries stimulated the concentration of melatonin in grape berries.
Based on the synthetic pathway of phenolic compounds presented in Figure 2 , a prevalent synthetic pathway with increased contents was observed in melatonin-treated groups (including anthocyanin derivatives in anthocyanins, and also flavonols such as rutin, catechins and epicatechins), all of which are metabolites of eriodictyol. On the plant flavonoid metabolic pathway, naringenin can be transferred to eriodictyol and pentahydroxyflavanone with flavonoid 3'-hydroxylase (F3'H) and flavonoid 3' ,5'-hydroxylase (F3'5'H), respectively. Df these two substances, eriodictyol can be transformed thru the catalysis of other enzymes into anthocyanin derivatives, such as rutin, catechin, epicatechin, and other substances, whereas naringenin and pentahydroxyflavanone generate other flavonoids using related enzymes. Hence, it can be inferred that melatonin can promote an increase in activity or expression of F3'H genes, thereby increasing the content of anthocyanin derivatives, such as rutin, catechin, epicatechin, and other related substances in grape berries.
Conclusions
On summary, application of melatonin to grape berries during the pre-veraison period can induce the biosynthesis of eriodictyol metabolic constituents, such as cyaniding derivatives, rutin, catechin, epicatechin, and other related substances in grape berries, and reduce the antioxidant activity of grape berry and wine. From a practical standpoint, this study was carried out to provide sufficient experimental evidence for adjusting wine colour and flavour, and making fresh wine by means of improving cultivation practice and application of growth regulators. On addition, high melatonin content in the grape berries of the melatonin treated groups could also contribute to tolerance to some biotic and abiotic stresses during grape growth and development and decrease use frequency of fungicide and pesticide.
